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ABSTRACT
Context. Galaxy clusters are the most recent products of hierarchical accretion over cosmological scales. The gas accreted from the
cosmic field is thermalized inside the cluster halo. Gas entropy and pressure are expected to have a self-similar behaviour with their
radial distribution following a power law and a generalized Navarro-Frenk-White profile, respectively. This has been shown also in
many different hydrodynamical simulations.
Aims. We derive the spatially-resolved thermodynamical properties of 47 X-ray galaxy clusters observed with Chandra in the red-
shift range 0.4 < z < 1.2, one of the largest sample investigated so far with X-ray spectroscopy and with mass reconstructed using
hydrostatic equilibrium equation, with a particular care in reconstructing the gas entropy and pressure radial profiles. We search for
deviation from the self-similar behaviour and look for possible evolution with redshift.
Methods. Under the assumption of a spherically symmetric distribution of the intracluster plasma, we combine the deprojected
gas density and the deprojected spectral temperature profiles via the hydrostatic equilibrium equation in order to constrain the con-
centration and the scale radius, which are the parameters that describe a Navarro-Frenk-White profile for each of the cluster in our
sample. The temperature profile, that combined with the observed gas density profile reproduces the best-fit mass model, is then used
to reconstruct the profiles of the entropy and pressure. These profiles cover a median radial interval of [0.04 R500 – 0.76 R500]. After
interpolating on the same radial grid and partially extrapolating up to R500, these profiles are then stacked in order to increase the
precision of the analysis, also in 3 independent redshift bins. The gas mass fraction is then used in order to improve the self-similar
behaviour of the profiles, by reducing the scatter among the profiles by a factor 3.
Results. The entropy and pressure profiles lie very close to the baseline prediction from gravitational structure formation. We show
that these profiles deviate from the baseline prediction as function of redshift, in particular at z > 0.75, where, in the central regions,
we observe higher values of the entropy (by a factor of ∼ 2.2) and systematically lower estimates (by a factor of ∼ 2.5) of the
pressure. The effective polytropic index, which retains informations about the thermal distribution of the gas, shows a slight linear
positive evolution with the redshift and the concentration of the dark matter distribution. A prevalence of non-cool-core, disturbed
systems, as we observe at higher redshifts, can explain such behaviours.
Key words. Galaxies: clusters: intracluster medium – Galaxies: clusters: general – X-rays: galaxies: clusters – (Galaxies:) inter-
galactic medium
1. Introduction
Cosmic structures evolve hierarchically from the primordial den-
sity fluctuations, growing to form larger and larger systems un-
der the action of gravity. Clusters of galaxies are the biggest viri-
alized structures in the Universe and aggregate as bound objects
at a relatively late time (z < 3). The cosmic baryons fall into the
gravitational potential of the cold dark matter (CDM) halo and
under the action of the collapse
and subsequent shocks, adiabatic compression and turbu-
lence, heat up to the virial temperature of few keV and form a
fully ionized X-ray emitting intra-cluster medium (ICM) (Tozzi
& Norman 2001; Voit et al. 2005; Zhuravleva et al. 2014),
Send offprint requests to: V. Ghirardini
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Modelling the ICM emission by thermal brehmsstrahlung al-
lows observations in the X-ray band to provide a direct probe of
the gas (electron) density, ne, and gas temperature, T . Assuming
the perfect gas law and a monoatomic gas, the pressure is recov-
ered as P = T ne and the specific entropy as K = T/n
2/3
e .
Entropy is a fundamental quantity to track the thermal his-
tory of a cluster, since it always rises when heat is produced (see
Voit et al. 2005). In the presence of non-radiative processes only,
low-entropy gas would sink to the centre of the cluster while
high-entropy gas would expand, producing the typical self-
similar radial distribution which follows a power law with a char-
acteristic slope of 1.1 (e.g. Tozzi & Norman 2001). Deviations
from this predicted behaviour have been observed in the central
region of clusters (see Ponman et al. 1999). Simulations show
that non-gravitational cooling and heating processes, such as ra-
diative cooling and subsequent AGN and supernovae feedback,
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Fig. 1. Redshift (left) and total mass (right) distribution of the clusters in our sample.
break self-similarity in the inner region of galaxy clusters (e.g.
Voit et al. 2005; McCarthy et al. 2017). To justify the observed
deviations from self-similarity, Tozzi & Norman (2001) propose
a model where an entropy floor is present before the gas is ac-
creted by the dark matter halo.
Only in the last few years some dedicated papers have
studied the evolution of the entropy profiles with redshift.
McDonald et al. (2013), McDonald et al. (2014), and more re-
cently Bartalucci et al. (2016), conclude that both cool core clus-
ters (CC) and non cool core clusters (NCC) in samples selected
through their Sunyaev-Zeldovich (Sunyaev & Zeldovich 1980,
hereafter SZ) signal have similar entropy profiles, with no rele-
vant changes with the cosmic time.
On the other hand, pressure is the quantity the least affected
by the dynamical history and non-gravitational physics (Arnaud
et al. 2010). Using the model introduced by Nagai et al. (2007),
Arnaud et al. (2010) show that pressure has a very regular radial
profile with only small deviations about the mean (less than 30
per cent outside the core regions). This is confirmed by recent
observations of SZ-selected clusters (e.g. McDonald et al. 2014;
Bartalucci et al. 2016) showing no significant deviation from the
“universal profile” within R500 up to redshift z=0.6.
In this work, we use the analysis on the mass distribution of
47 galaxy clusters in the redshift range 0.405–1.235 presented
in Amodeo et al. (2016) in order to study the radial shape of
pressure and entropy at different redshifts, looking for deviations
from the self-similar behaviour and for evolution with cosmic
time.
In the present study, we assume a flat ΛCDM cosmology,
with matter density parameter ΩM = 0.3 and an Hubble con-
stant of H0 = 70 km s−1 Mpc−1.
Therefore the critical density of the universe is:
ρc ≡ 3H
2(z)
8piG
=
3H20
8piG
E2(z) ≈ 136 M
kpc3
E2(z) (1)
where E(z) ≡ H(z)/H0 =
[
ΩM (1 + z)
3 + ΩΛ
]1/2
.
In our study, we consider also a rescaling dependent on the
halo’s mass. To apply this, we measure the quantities of interest
over the cluster’s regions defined by an overdensity ∆, defined as
a region for which the mean mass density is ∆ times the critical
density of the universe.
In the following analysis, we choose ∆ = 500, considering
that our profiles have a radial extent of the same order of magni-
tude as R500 (see Fig. C.3). By definition, M500 is then equal to
4/3pi 500ρcR
3
500.
All the quoted statistical uncertainties are at 1σ level of con-
fidence.
Fig. 2. Morphological parameters distribution in the plane of w
versus concentration cSB .
All the fitting processes are, unless otherwise stated, exe-
cuted using the IDL routine MPFIT (Markwardt 2009), which
performs a Levenberg-Marquardt least-squares fit weighting
with both the errors on x and y axes.
The paper is organized as follows: in Section 2 we present
the sample, in Section 3 we present the method we apply to
reconstruct the entropy and pressure profiles. The data analy-
sis is detailed in Section 4 , with an exhaustive discussion of
our results presented in Section 5. We draw our conclusions in
Section 6.
2. Sample properties
The sample selection and X-ray analysis is thoroughly explained
in Amodeo et al. (2016). In this work, however, we will recall
some of the most important properties. Being massive objects,
the relatively long Figures/Chandra exposure time (texp > 20
ksec) considered for each cluster permits to extract at least 3
independent spectra over the cluster’s emission which allows to
make a complete X-ray analysis as it is usually done for low red-
shift clusters. (see Amodeo et al. 2016, for details on the sam-
ple selection and X-ray analysis). We point point out that clus-
ters which are undergoing a major merger are excluded from the
analysis since they would strongly break the hydrostatic equi-
librium assumption, which is essential in recovering the mass
profile. A completeness analysis of the sample has been made
(see Amodeo et al. 2016): the selection criteria have effectively
choosen the very massive high end of the cluster halo function
in the investigated redshift range.
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In Fig. 1, we show the redshift and mass distributions of the
objects in our sample, with 9 systems at z > 0.8 and 8 with an
estimated M500 larger than 2× 1015M.
We use the centroid shift w and the concentration cSB (both
resulting from the analysis made in Amodeo et al. 2016) to dis-
tinguish clusters with a cool core and clusters without it: we fol-
low the results of Cassano et al. (2010), choosing clusters with
w < 0.012 and cSB > 0.2 to be the classical relaxed CC. These
objects are located in the upper-left quadrant of Fig. 2. The main
goal of this paper is to study the evolution of entropy and pres-
sure with cosmic time, therefore the sample is divided in redshift
bins. Nevertheless a parallel analysis of the cluster sample has
been made, where clusters are divided in CC and NCC based
on their morphological properties, using the criteria found by
Cassano et al. (2010) mentioned above.
In our sample, the gas density profiles, obtained from the
geometrical deprojection of the observed surface brightness pro-
files, cover the median radial range of [0.04 R500 – 0.76 R500],
with a mean relative error of 21%. In Fig. C.3, we show the ob-
served distribution of the minimum and maximum radius in the
gas density profiles. We point out that half of the clusters have a
radial coverage that extents above 0.77 R500.
3. The method to reconstruct K(r) and P (r)
Amodeo et al. (2016) presented the method applied to constrain
the mass distribution of the galaxy clusters in our sample un-
der the assumption that a spherically symmetric ICM is in hy-
drostatic equilibrium with the underlying dark matter potential.
The backward method adopted (see Ettori et al. 2013) allows
to constrain the parameters of a mass model, i.e. the concen-
tration and the scale radius for a NFW model (Navarro et al.
1997), using both the gas density profile, obtained from the ge-
ometrical deprojection of the X-ray surface brightness profile,
and the spatially resolved spectroscopic measurements of the
gas temperature. As by-product of the best-fit mass model, we
obtain the 3D temperature profile associated to the gas density
measured in each radial bin. In other words, we obtain an esti-
mate of the ICM temperature in each volumes shell where a gas
density is measured from the geometrical deprojection of the X-
ray surface brightness profile, in such a way that, inserting the
temperature and density profiles into the hydrostatic equilibrium
equation (Binney & Tremaine 1987), the best-fit mass model is
reproduced. From the combination of these profiles, thermody-
namical properties like pressure and entropy are recovered.
Following Voit (2005), temperature, pressure and entropy as-
sociated to this halo’s overdensity are, respectively:
kBT500 = 10.3 keV
(
M500
1.43 · 1015M
) 2
3
E(z)2/3 (2)
P500 = 1.65 · 10−3 keV cm−3
(
M500
3 · 1014M
)2/3
E(z)8/3 (3)
K500 = 103.4 keV cm2
(
M500
1014M
)2/3
E(z)−2/3f−2/3b (4)
K(R)/K500 = 1.42
(
R
R500
)1.1
(5)
where Eq. 5 is the Voit et al. (2005) prediction where the ra-
dial dependence of K has been here rescaled from ∆ = 200 to
Fig. 3. Gas fraction profile for all our clusters. The black dashed
line represents the universal baryon fraction from Planck (Planck
Collaboration et al. 2016)
500 using the ratio R500R200 = 0.66 as predicted from a NFW mass
model with c200 = 4, typical for massive systems.
The importance of using a proper rescaling which includes
the gas mass fraction to reach self-similarity in the entropy pro-
files was pointed out in the work of Pratt et al. (2010). The
gas fraction, fgas(< r) = Mgas(< r)/Mtot(< r), is here de-
fined as the ratio between the gas mass obtained from the integra-
tion of the gas density over the cluster’s volume and the hydro-
static mass, and is thus reconstructed directly from our data. We
show the radial profiles of the gas fraction in Fig. 3. Throughout
this paper we will consider the universal baryon fraction to be
fb = 0.15 (Planck Collaboration et al. 2016). In Table A.1
we list additional information not presented in Amodeo et al.
(2016), like references on the redshifts and the gas mass fraction
at R500.
4. Data Analysis
Because of the poor statistics of each profile, we combine them.
In order to have at least one point in each radial bin, chosen
logarithmically with total number of bins equal to 30∗, over the
range [0.015R500, R500], first, we have extrapolated the data us-
ing the best-fit power law plus a constant for the entropy profile,
and the functional form introduced by Nagai et al. (2007) for the
pressure profile:
P (x)
P500
=
P0
(c500x)γ [1 + (c500x)α]
β−γ
α
(6)
where x = R/R500 and γ, α and β are respectively the central
slope, the intermediate slope and the outer slope defined by a
scale parameter rs = R500/c500 (R << rs, R ∼ rs and R >>
rs respectively). All the parameters of this function are left free
except for the outer slope β and the inner slope γ, which is fixed
to the “universal” values(5.49 and 0.308, Arnaud et al. 2010).
We have calculated the value of the thermodynamical quan-
tities in the extrapolated radial points, using the functional forms
indicated above. The error associated to the thermodynamic
quantities in the extrapolated radial points is the sum in quadra-
ture of the propagated best-fitting parameters and the median
uncertainty estimated in the last five radial bins of the raw pro-
files.
∗The number of bins equal to 30 has been chosen to guarantee a
proper radial coverage
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Furthermore, to investigate the average behaviour of these
profiles as function of redshift, we divided the dataset into 3
redshift bins, chosen in order to have approximatively the same
number of clusters so that the resulting profiles will have an
approximatively constant signal to noise ratio: 15 with z ∈
[0.4, 0.52]; 20 with z ∈ [0.52, 0.77]; 12 with z > 0.77. In each
redshift bin, the profiles are stacked in logarithmic space using
the inverse of the 1σ error as weights, meaning that at each radial
point the weighted mean is:
< x >=
Σwixi
Σwi
with wi = σ−2i
where x is the logarithm of the considered thermodynamic quan-
tities (pressure or entropy).
This “stacking” procedure ensures a higher statistical signifi-
cance of the measured “mean” quantities, which propagates into
a lower uncertainties in constraining the best-fit parameters of
the functional forms adopted.
4.1. Fitting procedure for the entropy profile
In Fig. C.5, we show the reconstructed entropy profiles, rescaled
as described below using K500, of the 47 clusters in our sample
prior to the application of the extrapolation and stacking proce-
dure.
The radial behaviour of the entropy distribution is commonly
described with a power law plus a constant term accounting for
the combined action of cooling and heating feedbacks which af-
fect the central regions (see Cavagnolo et al. 2009).
K = K0 +K100
( R
100kpc
)α
(7)
This functional form has an underlaying physical sense when
we rescale with 100 kpc, since typically deviations from non-
radiative simulations are seen below this radius, where cool core
clusters and non cool core clusters actually differ. K0 is the cen-
tral entropy, which has been used in several work (i.e. Cavagnolo
et al. 2009; Voit et al. 2005; McDonald et al. 2013) to discrim-
inate between relaxed CC clusters, with K0 ∼ 30 keV cm2, and
disturbed NCC, with K0 > 70 keV cm2.
We also consider a functional form where the scaling is done
with respect to 0.15R500 in order to take into account the dimen-
sion of the core in systems at different mass and redshift:
K
K500
= K ′0 +K
′
0.15
( R
0.15R500
)α′
. (8)
As shown in Pratt et al. (2010), we expect the scatter among
clusters’ entropy profiles to be suppressed even more when the
renormalization includes both the global and the radial depen-
dence on the gas mass fraction:
E(z)2/3
K
K500
(
fgas
fb
)2/3
= K ′′0 +K
′′
0.15
( R
0.15R500
)α′′
, (9)
In Fig. 4 we show how our refinement in the rescaling proce-
dure of the entropy profiles, from “no rescaling” at all to the in-
clusion of the dependence upon the gas fraction (see Equation 9),
reduces the scatter among the profiles, improving the agreement
with the self-similar prediction (Voit et al. 2005).
Fig. 4. The complete sample of our data has been plotted color
coded with respect to redshift. We can see the effect of rescaling
from top to bottom, from largely scattered data to coherent ones.
No error bars are drawn for sake of clarity.
4.2. No rescaling
In the first panel of Fig. 4 we plot all the entropy profiles with-
out applying any rescaling, i.e. the actual physical size in kpc
versus entropy in keV cm2. We name them as “raw data”, be-
cause the physical values are reported without any rescaling. We
4
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Fig. 5. Stacked entropy profiles and fits in the 3 redshift bins.
The shaded areas represents the errors on the fit. The colors of
the points are representative of the redshift bin considered. The
black line represents the non-radiative prediction (Voit et al.
2005)
can deduce that our clusters have very different thermodynamic
histories, in fact at each radial point the profiles spans more than
one order of magnitude, which exclude self-similarity.
We fit all the entropy profiles using Equation 7, in order to
look at the occupation of the parameter space in our sample. For
each cluster we obtain a value for each one of the parameters
K0, K100 and α and we plot all those values in Fig. C.1. For
each one of the three histograms we fitted with a lognormal dis-
tribution. We dedicated a special attention to the parameter K0,
since it was shown, in the work of Cavagnolo et al. (2009), that
central entropy may have a bimodal distribution. We have got
∼10 clusters with K0 = 0 and ∼3 with α = 0.
In the central regions of galaxy clusters, no significant emis-
sion from gas at very low temperature is observed (e.g. Peterson
& Fabian 2006), limiting the central value of the gas entropy to
be positive (K0 > 0). For this reason these points are excluded
from Fig. C.1.
The parameter K0 (top panel) has not a clear bimodal distri-
bution. The data exibit a peak between 150 and 200 keV cm2 and
a significative tail for low values of K0. The best fit obtained us-
ing two lognormal distributions shows one peak at 130 keV cm2
and one at 5 keV cm2, with χ2red = 1.83, while the unimodal
fits yields a peak at 100 keV cm2 with χ2red = 2.03. We used
the Bayesian information criterion (BIC, Schwarz 1978) to dis-
tinguish if there are statistical differences between the two fitted
models: a ∆BIC between 2 and 6 indicates positive evidence
against the model with higher BIC, while at values greater than
6 the evidence is strong. We obtained ∆BIC = 0.02, and there-
fore we can’t discriminate between a unimodal and a bimodal
distribution. Even tough the best fit centers are close to the val-
ues found by Cavagnolo et al. (2009).
The distribution of the parameter K100 (middle panel of
Fig. C.1) is well fitted by a lognormal distribution with median
value corresponding to 104±17064 † keV cm2 and χ2red = 0.17.
The distribution of this parameter is smooth without any signi-
ficative tail, this indicates that fitting considering 100 kpc as the
typical core dimension generates a well defined distribution for
K100 resembling a lognormal one.
The distribution of the power law index α (bottom panel of
Fig. C.1) is, asK100, well fitted by a lognormal distribution with
median value 1.40±0.670.45† and χ2red = 1.1. The visible peak has a
Fig. 6. Fits in different redshift bins showing the errors on the
fits using the shaded area. The blue profile (z > 0.77) is
compatible with the low redshift profiles for intermediate radii
(R > 0.07R500) while at low radii there is a difference with the
high redshift entropy profile having a flat profile. The black line
represents the non-radiative prediction (Voit et al. 2005)
higher value than the non-radiative prediction (Voit et al. 2005),
but nevertheless it is compatible within 1σ.
4.3. Rescaling using K500
The profile of a thermodynamical quantity, including entropy,
should have a unique shape for galaxy clusters, after adequate
rescaling (Voit 2005). Non-radiative simulations (see Voit et al.
2005) have shown that we should rescale using quantities de-
fined with respect to the critical density in order to achieve this.
As it was stated above, we use an overdensity of 500, and rescale
the entropy profile using K500, defined in Eq. 4. We can observe
the effect of the scaling in the third panel of Fig. 4. The pro-
files we get are less scattered than the raw data, even though the
dispersion about the mean is still quite high, about one order of
magnitude. Nevertheless we observe that above 0.15R500 most
of the clusters have a self similar behaviour. It is due to the fact
that non gravitational processes are less relevant in the outskirts
of galaxy clusters (Voit 2005).
As described in Section 4, we stack radially the data and
we fit using Eq. (8). We show the regrouped data and the fitting
results with their errors bars in Fig. 5 and in top part of Table 1.
As we can observe from the ratio between the data and
the predicted profile (bottom panel of Fig. 5), self-similarity is
present below 0.6R500 for the two low redshift bins while it is
reached only between 0.15R500 and 0.6R500 at high redshift
(z > 0.77). Moreover the high redshift stacked profile is slightly
flatter than the others, with a slope of 1.0± 0.1 and with its best
fit requiring a constant term different from 0 in order to repro-
duce the data.
In the top part of Table 1 we show the best fit dividing the
sample in CC and NCC. This parameters refers to Fig. B.1. As
we can see both from the best fit and the plot, CC clusters are
compatible with non-radiative prediction (Voit et al. 2005), with
both slope and normalization. On the other hand the NCC subset
of clusters has a rather flat entropy profile.
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Fig. 7. Dimensionless entropy K/K500 as a function of mass M500 at different radii. Here the radii of 0.15R500, R2500 and R1000
have been used. The black dashed curve is the expectation from the self-similar model, and the magenta line is the best fit using a
power law with index α on all the data points. Red, green and blue points indicate data points from z ∈ [0.4−0.52], z ∈ [0.52−0.77]
and z > 0.77 respectively
4.4. Rescaling using the gas fraction
The entropy distribution depends on baryon fraction with a mass
(or equivalently, temperature) dependence. Consequently en-
tropy has both a radial and global dependence on the gas fraction
(Pratt et al. 2010). Correcting by this effect, data become com-
patible with the non-radiative prediction (Voit et al. 2005) and
the dispersion drops dramatically (last panel of Fig. 4).
A practical way to quantify the deviation from the self-
similar prediction is shown in Fig. 7, where we show the be-
haviour of the dimensionless entropy profiles at some specific
radii (0.15R500, R2500 and R1000)†, by interpolating the sur-
rounding data points, with respect to the mass. We note that
when the mass decreases the deviation from the self-similar pre-
diction increases. By modelling this dependance with a simple
power law, we obtain a slope value which becomes smaller (in
modulus) at larger radii. In particular, we point out that at the
highest radius considered (R1000), the profile is compatible with
a flat one, even though the influence of just 2 or 3 points makes
the best fit slope slightly negative.
We renormalized the entropy profiles multiplying them by
gas fraction profiles (K → K × (E(z)fgas(R)/fb)2/3). The
resulting profiles are visible in the last panel of Fig. 4. The self
similarity of the entropy profile is now finally clear in our dataset
of clusters at different redshift. At 0.15R500, for instance, the
scatter is reduced by a factor ∼3 when the rescaling by the gas
fraction is applied.
We then stack out profiles and we show the resulting en-
tropy radial distribution in Fig. 6. We notice that the stacked
profiles are compatible with the non-radiative prediction (Voit
et al. 2005) in the radial range [0.05R500–0.7R500], with the
two low redshift stacked profile pushing this compatibility down
to the lower limit of our analysis. Moreover at large radii, R >
0.7R500, all the stacked profiles are slightly below the predic-
tion.
We fit the stacked entropy profiles with a power law plus
a constant and we show the results in Fig. 6 and bottom part of
†This error represents the region which encompasses 68% of the
data points from the best fit
†Radii as big as R500 are extrapolated and would not yield robust
results and are therefore not shown.
subset K
′
0.15 α
′ K
′
0 χ
2
red
z ∈ [0.4, 0.52] 0.188± 0.003 1.04± 0.01 – 2.34
z ∈ [0.52, 0.77] 0.189± 0.002 1.04± 0.01 – 2.0
z > 0.77 0.16± 0.02 1.0± 0.1 0.04± 0.01 0.14
CC 0.192± 0.003 1.12± 0.02 – 0.54
NCC 0.217± 0.003 0.77± 0.01 – 1.86
subset K
′′
0.15 α
′′ K
′′
0 χ
2
red
z ∈ [0.4, 0.52] 0.171± 0.002 1.13± 0.01 – 1.26
z ∈ [0.52, 0.77] 0.179± 0.002 1.13± 0.01 – 3.68
z > 0.77 0.15± 0.01 1.16± 0.08 0.022± 0.005 0.18
CC 0.173± 0.002 1.18± 0.01 – 0.46
NCC 0.184± 0.005 0.97± 0.03 0.006± 0.003 1.54
Table 1.Best-fitting values, and relative errors, of the parameters
of the models on entropy rescaled by K500 (Top) (Eq. 8 ) and on
entropy rescaled by bothK500 and gas fraction (Bottom) (Eq. 9).
In the bin z > 0.77, we have a value for the central entropy
which indicates the presence of much more NCC systems at high
redshift. The exponent α and the term K100 are compatible with
the prediction of Voit et al. (2005). We also see that the goodness
of the fit improves a lot when we correct by the gas fraction.
Table 1. We notice that the goodness of the fit has improved, with
respect to the rescaling without gas fraction, and the parameters
we get are closer to the non-radiative prediction.
The slope values we obtain are slightly larger than 1.1, indi-
cating profiles steeper than the simulated one, in agreement with
several recent work (Voit et al. 2005; McDonald et al. 2013;
Morandi & Ettori 2007; Cavagnolo et al. 2009). The situation is
different in the case of z > 0.77, where the value of the central
entropy is significantly different from zero. This indicates a high
average central entropy for clusters at high redshifts.
In the bottom part of Table 1 we show the best fit dividing the
sample in CC and NCC. This parameters refers to Fig. B.2, the
plot analogous to Fig. 6. Similarly to what happens to the split in
redshift, entropy profile of CC gets steeper than the prediction.
The NCC are still flatter than the prediction and need a central
entropy different from zero in order to fit the data.
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5. Discussion
In the recent past, the dichotomy cool core clusters with a steep
density profile and a drop of the temperature in the center, and
non cool core clusters with a rather flat density profile and a flat
temperature profile in the center, has been studied in numerous
works. The particular shape of the density profile reflects in the
behaviour of the entropy profile, where CC have a low entropy
floor in the center while NCC have a higher one (see Fig. B.1
and B.2).
5.1. Self-similarity
Non-radiative simulations predict that the thermodynamic prop-
erties of clusters of galaxies should be self-similar once rescaled
to specific physical quantities. In the previous section we have
shown that using a proper rescaling we reach self-similarity (see
Fig. 4). Self-similarity is observed for all the redshift ranges.
However, only a proper rescaling using the gas fraction makes
the agreement with the prediction (Voit et al. 2005) within 20%
above 0.05R500. This is shown in the bottom panel of Fig. 5 and
6, where the ratios between data rescaled as indicated in Eq. 8
and 9, respectively, and the non-radiative prediction (Voit et al.
2005) is shown. We observe that, only in the high redshift bin the
rescaling by the gas fraction is needed to recover the self similar
behaviour, reached between 0.05 and 0.7 R500 within 20% from
the theoretical value.
The deviations present in the inner part of the profiles may be
interpreted as some form of residual energy (Morandi & Ettori
(2007)), which may be due to some non-gravitational physics
processes.
Even though the agreement with simulations is remarkable,
we get slightly steeper entropy profiles: 1.13± 0.01 for the low
redshift bins, while we get a flatter profile in the high redshift
bin, with power law index compatible with the prediction, 1.16±
0.08, but with a non zero central entropy.
The agreement with the results of Cavagnolo et al. (2009) is
excellent in all three redshift bins since we find all slopes be-
tween 1.1 and 1.2. For the high redshift bins adding a constant
to reproduce the inner part of the profile is required in order to
make our results on the slope compatible with both non-radiative
predictions (Voit et al. 2005) and observations (Cavagnolo et al.
2009). Otherwise a simple power law would yield a flat profile,
with slope 0.90± 0.03.
The excess with respect to Voit et al. (2005) self-similar pre-
diction is present at low radii where most of our data are above
the prediction. This extra entropy is more pronounced in low
mass systems, as shown in Fig. 7 and consistent with the results
obtained by Pratt et al. (2010).
5.2. Angular resolution effect
In a thermalized system, low entropy gas sinks in the center
while high entropy gas floats out in the outskirts, producing an
entropy profile that increases monotonously with the radius. The
net effect is that the larger is the central bin considered for the
analysis, the higher will be the measured value of the entropy. In
the top panel of Fig. 8, we plot the value of K0 for each clus-
ter versus the radius of the innermost data point and measure an
evident positive correlation (Pearson’s rank correlation of 0.76,
corresponding to a significance of 8.6 × 10−8 of its deviation
from zero that is associated to the case with no correlation). This
correlation becomes even more significative if we consider the
same points rescaled by the halos’ properties. This is shown in
Fig. 8. (Top) Central entropy versus the innermost data point. A
clear postiive correlation is measured. (Bottom) Central entropy
versus innermost data point rescaled, an even tighter correlation
is present.
the bottom panel of Fig. 8, where we measure a very significant
Pearson’s rank correlation of 0.83. A similar result was shown
by Panagoulia et al. (2014): the smaller the innermost radial bin,
the smaller the central entropy we measure.
However, as we show in Fig. 8, the correlation between the
rescaled central entropy and the innermost radial bin shows a
slope value of 1.78 ± 0.04, which is about 8σ away from the
expected value, and therefore does not reproduce the predicted
radial dependence from Voit et al. (2005) (see Equation 5), sug-
gesting that the flattening has a different origin form the lack of
spatial resolution.
5.3. Note on the sample completeness
In Amodeo et al. (2016), an extended study on the completeness
of the sample analysed here is performed. In their Fig. 13, the
completeness functions are compared to the distribution of the
objects in the M200 − z plane, showing that the applied selec-
tion criteria effectively selected the very massive high end of the
cluster halo function in the investigated redshift range.
The observed trend to detect lower masses at higher redshifts
is intrinsic to the halo mass function predicted for the hierarchi-
cal structure formation in cold dark matter dominated universe.
Therefore, we conclude that, within the limits of our sample
selection and statistics, the observed redshift and mass depen-
dences are a reasonable representation of the behaviour of the
X-ray luminous cluster population in the high mass end between
z = 0.4 and z = 1.2.
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5.4. Bimodality
Cavagnolo et al. (2009) have shown that the distribution of the
values of the cluster central entropy reflects the dichotomy be-
tween CC and NCC clusters, finding two distinct populations
peaking at 15 keV cm2 and 150 keV cm2. This bimodality has
not been confirmed in later work (e.g. Santos et al. 2010; Pratt et
al. 2010).
In Section 3.2 we have shown that using the BIC there are
no statistical differences between a unimodal and a bimodal dis-
tribution. We consider if this lack of statistical evidence is due
to the poor statistic of the cluster sample. We build a bootstrap
analysis of our distribution by selecting 10,000 samples of our
objects (also allowing for repetitions). This approach permits us
to determine whether a random sample extracted from our data
will show an evident bimodal distribution. The results of this
analysis are shown in Fig. C.4. We observe a median value of
2.0+3.2−5.6 and conclude that this BIC’s distribution is compatible
with no differences between a unimodal and a bimodal distribu-
tion.
In Fig. C.2 the effect of redshift on the distribution of the
central entropy is shown. As the number of clusters in each red-
shift bin is too small, we are not able to accurately prove any
redshift evolution of the central entropy, however we have indi-
cations that an evolution may be present.
At high redshift we have an important peak at entropy higher
than 100 keV cm2, which represents the NCC systems, and only
one cluster with central entropy lower than 10 keV cm2.
We observe that from high redshift to low redshift the peak
at high entropy becomes less prominent and a larger fraction of
clusters get a smaller value of the central entropy, so that in the
lower redshift bins the majority of our clusters have a central
entropy below 100 keV cm2.
Nevertheless there is an indication of evolution from many
NCC systems at high redshift toward mostly relaxed CC clusters
at low redshift. Due to the poor statistic of the sample we are not
able to prove this scenario using statistical tests.
5.5. Evolution with redshift
We observe, within the central region, an evolution with redshift
of the entropy (r < 0.1R500). It suggests that the entropy pro-
files are flatter at high redshifts in massive objects, or, alterna-
tively, there is a non-zero central entropy at high redshift. This
resembles an evolution in the entropy profiles. However, as we
show in Fig. C.2, the fraction of NCC clusters is much higher
at high redshifts than at low redshifts. This would imply that
at z > 0.77 the clusters in our dataset are not able to develop a
cool core like clusters at low redshift do, meaning that cool cores
were less common in the past, flattening the entropy profiles and
creating non zero value for the central entropy. Several studies
(e.g. Vikhlinin et al. 2007; Santos et al. 2008, 2010; McDonald
2011), that have investigated the evolution of the cool-coreness
of clusters, support this scenario, in particular on the lower rel-
ative abundance of the strongest CC at high redshift. In other
works (e.g. McDonald et al. 2013, 2017), the “cuspiness” of the
gas density is shown to decrease with increasing redshift, as con-
sequence of a non-evolving core embedded in an ambient ICM
which evolves self-similarly.
If we define the CC clusters as the one with central entropy
lower than 100 keV cm2 then from Fig. C.2 we derive that in
the low redshift bins 67% of clusters are CC, percentage which
reduces to 50% and 40% in the intermediate and high redshift
bins respectively.
Fig. 9. (Top) Pressure profiles for all our clusters rescaled using
an overdensity of 500 (color coded with respect to the redshift
bin to which each curve belongs), compared with the best fit re-
sults in Arnaud et al. (2010) (black solid line). (Bottom) Stacked
pressure profiles (in logarithmic space) compared with the best
fit of Arnaud et al. (2010); the panel at the bottom shows the
ratio with respect to the “universal” pressure profile.
This result slightly deviates, but not in a significant way,
from what has been presented in previous studies (e.g. Vikhlinin
et al. 2007; McDonald et al. 2013). For example, (McDonald et
al. 2013, see their fig.12) obtain that CCs represent 40% (10–
40%) of the cluster population at low (high) redshift. Their sam-
ple is SZ selected and is, therefore, less biased toward CC clus-
ters with respect to an X-ray selected sample.
This result is consistent with the hierarchical scenario of the
growth of structure, given that at high redshift (z ∼ 1) clus-
ters were in the middle of their formation history and cool cores
could have easily been destroyed by one of the many merger
events, or not even built, if they did not have enough time to
relax in the center. Moreover, it is remarkable that even in our
sample, selected in order to have specific X-ray properties and
thus prone to include X-ray bright centrally-peaked cool core
objects, we consider a relative larger fraction of NCC at higher
redshift.
5.6. Pressure
For the same dataset, we study the behaviour of the electronic
pressure profile P (r) = ne(r)T (r).
A generalized NFW profile, as introduced by Nagai et
al. (2007) (see Equation 6), has been widely used to study
the radial rescaled pressure profile. The best fitting param-
eters [P0, c500, γ, α, β] = [8.403, 1.177, 0.3081, 1.0510, 5.49]
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subset P0 c500 γ α β χ2red
z ∈ [0.4, 0.52] 9.1± 0.3 1.08± 0.08 0.308 0.87± 0.04 5.49 2.1
z ∈ [0.52, 0.77] 9.2± 0.2 1.48± 0.05 0.308 1.11± 0.04 5.49 4.6
z > 0.77 3.6± 0.2 1.5± 0.1 0.308 1.59± 0.14 5.49 0.8
CC 11.3± 0.3 1.30± 0.07 0.308 0.92± 0.03 5.49 2.1
NCC 5.46± 0.14 1.57± 0.05 0.308 1.43± 0.06 5.49 1.9
Universal 8.403 1.177 0.308 1.0510 5.49 –
Table 2. Best-fitting values, and relative errors, for the pressure profiles modelled with the generalized NFW in equation 6. β and γ
are frozen to their “universal” values in order to break some degeneracy and facilitate the comparison between the results. The first
column indicates the subset of our sample chosen to fit the data. We observe that the results on c500 and α of NCC subsample and
the result of high redshift subeset are compatible within 1σ The goodness of the fit is indicated in the last column on the right. In
general the value of the parameters are quite close to the “universal” results of Arnaud et al. (2010) considering that they are highly
degenerate. We point out that the parameter P0 for the high redshift bin is significantly smaller than its value on the other bins and
the “universal” value.
Fig. 10. (Left) Polytropic index for the objects in our sample versus concentration: γ increases with larger values of cNFW. Black
points are the observed data points, green and blue line are the results of Komatsu & Seljak (2001) and Ascasibar et al. (2006)
respectively, the red line with pink shaded area is the best fit using classical least square minimization with 1σ confidence region,
and the magenta line with lily shaded area is the best fit usinc an MCMC algorithm. (Right) Polytropic index for all clusters as
function of redshift. Data are better fitted by a linear relation: the effective polytropic index grows with redshift. Black points are the
observed data points, the red line with pink shaded area are the the best fit with 1σ dispersion using MCMC algorithm. The empty
circles are the value of adiabatic index using the mean result for the clusters in each bin, while the empty squares are the polytropic
index of the stacked profiles in each redshift bin, with the brown dashed line and the dash-dotted magenta line being the best linear
fit on the “mean” and “stacked” adiabatic index. The parameters describin these lines are listed in Table 3.
obtained from Arnaud et al. (2010) represent the so called “uni-
versal pressure profile” for galaxy clusters.
Pressure is the quantity less affected by the thermal history of
the cluster (Arnaud et al. 2010). Indeed McDonald et al. (2014)
found no significant evolution of the pressure profile in the anal-
ysis of SPT SZ-selected clusters, just a mild flattening of the pro-
file below 0.1R500. Battaglia et al. (2012), however, suggested
from the analysis of cosmological hydrodynamical simulations
that a significant evolution of the pressure profile should occur
beyond z = 0.7, and only outside R500, as consequence of the
increasing non-thermal support toward the outskirts of galaxy
clusters.
In the functional form shown in Equation 6, we fix the pa-
rameters β and γ to the fiducial value found in the work of
Arnaud et al. (2010). These parameters are degenerate, and
therefore fixing at least one of the slopes is advised in order
to have tighter parameters distribution and better comparison
(Arnaud et al. 2010).
The pressure profiles are plotted in the top panel of Fig. 9,
together with the curve of the universal profile, in order to make
a comparison. All the profiles show a very similar shape, sur-
rounding the “universal” one from both sides with an apparent
discrepancy only in the normalization of the profiles. At each
radius the scatter is of about one order of magnitude.
We applied the same procedure described in Section 4 and
used in the analysis of the entropy profiles: we interpolate over
the same radial grid, extrapolate up to R500 using the best-
fit model, and stack these pressure profiles. We obtain that the
stacked curves in the two low redshift bins are compatible with
the “universal” pressure profile at radii below 0.1R500, while
above it the data points are slightly below it. Nevertheless the
best fit on these stacked data points comprehend the Arnaud et
al. (2010) result at all radii within the error bars.
On the other hand the high redshift scaled profile for the in-
ner part of these profile we observe a distinctive flattening below
0.1R500, with values which are about 30% of the “universal”
pressure profile. Above this radius the data points are very close
to the other redshift bins, meaning slightly below the Arnaud et
al. (2010) result.
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Pressure is indeed a thermodynamic property that is only
very little affected by the thermodynamic history of clusters.
The observed flattening at high redshift at low radii was also ob-
served in the work of McDonald et al. (2014) and can be easily
explained by the little presence of CC clusters at high redshift.
In Table 2 we show the best fit of Equation 6, where we have
kept β and γ fixed to the “universal” pressure profile best fit.
We obtain a quite good fit in all the three redshift bins; only the
normalization of this functional in the high redshift bin shows
a distinct discrepancy with the results of Arnaud et al. (2010),
greater than 5σ. In fact from the bottom panel of Fig. 9 is ev-
ident that the low redshift bins points are almost on top of the
“universal” profile, while the high redshift ones are compatible
only above 0.1R500, and below this threshold the discrepancy
grows to be factor 3 at 0.01R500. For completeness in the same
table we show the fitting done for the subsets of CC and NCC,
referring to the data in Fig. B.3. We observe that NCC clusters
best fit results resembles the high-z subsample, while CC clus-
ters resemble low-z objects.
5.7. Polytropic index
The polytropic index γ, equal to the ratio of specific heats
CP /CV for an ideal gas, is a common proxy when evaluating
the physical state and the thermal distribution of the gas. It is
defined as
Pe = cost · nγe , (10)
with values of γ expected to be in the range [1.1, 1.2] (Komatsu
& Seljak 2001; Ascasibar et al. 2006; Shi 2016), i.e. between 1,
the value describing an isothermal gas, and 5/3, the value of an
isoentropic gas, when the gas is well mixed and the gas entropy
per atom is constant.
Studying the evolution of the polytropic index with redshift
and its relation with the concentration c of the dark matter dis-
tribution can provide a more consistent picture on the processes
that regulate the hierarchical structure formation. A correlation
between γ and c is expected if the radial structure of the ICM
and of the host halo depend on the halo mass. Komatsu & Seljak
(2001) require a linear relation between concentration and poly-
tropic index by assuming in the theoretical work that the gas
traces the dark matter distribution outside the core. Ascasibar et
al. (2006) have shown that c and γ conspire to produce the ob-
served scaling relations, matching the self-similar slope at many
overdensities.
We estimate an effective polytropic index γ by fitting the
pressure with a power law as function of the gas density. As a
first step, γ is calculated for each single cluster. Then, we eval-
uate the weighted mean in each bin. We also calculate γ for the
stacked profiles.
We look for correlations between the polytropic index and
the dark matter concentration as recovered from the best-fit with
a NFW model in Amodeo et al. (2016). Ascasibar et al. (2006)
and Komatsu & Seljak (2001) have shown that between concen-
tration and polytropic index there is a linear relation with slope
of 0.005 and 0.01, respectively. Using the Markov Chain Monte
Carlo (MCMC) code emcee (Foreman-Mackey et al. 2013), we
obtain a slope much stepper that the theoretical predictions, al-
though with a relative uncertainty of about 70% (see best-fit
values in Table 3) which makes it compatible with previous re-
sults(Komatsu & Seljak 2001; Ascasibar et al. 2006) within 1σ,
and even compatible with 0 at 2σ. Moreover, the intercept we
get is much smaller than what has been previously calculated.
Polytropic index γ
subset Mean Stacked
z ∈ [0.4, 0.52] 0.935± 0.008 0.942± 0.008
z ∈ [0.52, 0.77] 0.996± 0.009 0.906± 0.006
z > 0.77 1.076± 0.031 1.041± 0.018
γ = m · cNFW + q
Method m q
Chi-squared 0.0004± 0.0057 0.98± 0.03
MCMC 0.031± 0.020 0.98± 0.09
Ascasibar+06 0.005± 0.002 1.145± 0.007
Komatsu+01 0.01 1.085
γ = m · z + q
Method m q
Chi-squared 0.05± 0.05 0.94± 0.03
MCMC 0.24± 0.22 0.97± 0.14
Mean 0.29± 0.05 0.80± 0.030
Stacked 0.11± 0.03 0.86± 0.02
Table 3. (Top) Values and errors on the polytropic index for the
three redshift bins considering the mean and stacked values. We
observe evolution with a significance greater than 2σ. (Middle)
Fit of left panel of Fig. 10 using different methods and compar-
ing with previous theoretical work. (Bottom) Fit of right panel
of Fig. 10 using different methods.
In right panel of Fig. 10, we show the polytropic index as a
function of redshift. We measure a positive evolution with red-
shift, with larger values of γ (by more than 2σ) at higher redshift
(see Table 3).
6. Conclusions
From the sample described in Amodeo et al. (2016), which con-
tains the one of the largest collection of clusters at z > 0.8
homogeneously analyzed in their X-ray spectral properties, we
have extracted the entropy and pressure profiles of 47 clusters
observed with Figures/Chandra in a redshift range from 0.4 to
1.24.
We observe higher values of the gas entropy in the central
region at higher redshift, which we cannot be explained as an
effect due to the spatial resolution. A plausible explanation of
this result is the fact that at high redshift we observe a lack of
cool core clusters with respect to the low redshift sample.
Moreover at intermediate radii, between 0.1R500 and
0.7R500, the self similarity is recovered when we use entropy
dependence both on redshift and gas fraction and the scatter be-
tween the profiles is reduced by a factor ∼ 3. The best fit of the
stacked profiles is very similar to the Voit et al. (2005) predic-
tion from non radiative simulations.
We also show that the pressure profiles flatten at high redshift
at radii below 0.1R500, with lower values, by about 50%, than
the ones observed at z <∼ 0.5.
Overall, these results agrees with a scenario in which galaxy
clusters are the last gravitationally-bound structures to form
according to the hierarchical evolution. They start forming at
z ≈ 3, and at z ∼ 1 − 1.5 they are still in the middle of their
formation. At this epoch, cool cores could either be destroyed
by merger events, or have not formed yet, reducing their relative
number at earlier epoch. Moreover, the merging processes ongo-
ing at high redshift would imply that objects at z ∼ 1 are mostly
unrelaxed, with a flatter entropy profile, which produces a clear
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excess in the inner parts and a deficit in the outskirts. As we show
in Figures 5 and 6, high-redshift clusters have indeed a rather flat
stacked entropy profile, supporting the evidence that the float-
ing and sinking of the gas entropy has not been completed yet.
The thermodynamical disturbed condition of the high-redshift
systems is further supported by the observed flattening of ther-
mal pressure in the inner part of the stacked pressure profile (see
Fig. 9).
Moreover, we measure a slightly significant evolution of the
effective polytropic index of the ICM, that we measure by es-
timating d logPe/d log ne, with the dark matter concentration
and redshift, with 87% significance (1.5σ) for concentration
and 73% (1.1σ) for redshift, indicating that the gas possesses
a slightly larger polytropic index in systems which have a more
concentrated mass distribution at higher redshift. This result sup-
ports the observational evidence that at high redshift we recover
more isentropic (i.e. more flat) entropy profiles.
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Appendix A: Additional information
Object z R500 fgas,500 Reference for redshift
- - [kpc] [fraction] -
MACS0159.8-084 0.405 1379 ± 111 0.11 ± 0.02 Kotov & Vikhlinin (2006)
MACSJ2228.5+20 0.412 1418 ± 156 0.13 ± 0.03 Bo¨hringer et al. (2000)
MS1621.5+2640 0.426 1298 ± 127 0.1 ± 0.02 Stocke et al. (1991)
MACSJ1206.2-08 0.44 1874 ± 128 0.08 ± 0.01 Borgani et al. (2001)
MACS-J2243.3-0 0.447 1335 ± 137 0.16 ± 0.03 Coble et al. (2007)
MACS0329.7-021 0.45 1264 ± 113 0.12 ± 0.04 Allen et al. (2004)
RXJ1347.5-1145 0.451 1756 ± 134 0.1 ± 0.02 Schindler et al. (1995)
V1701+6414 0.453 707 ± 48 0.26 ± 0.04 Wang & Walker (2014)
MACS1621.6+381 0.465 1349 ± 242 0.09 ± 0.04 Edge et al. (2003)
CL0522-3624 0.472 754 ± 271 0.11 ± 0.11 Mullis et al. (2003)
MACS1311.0-031 0.494 1420 ± 241 0.06 ± 0.02 Allen et al. (2004)
MACS-J2214.9-1 0.503 1275 ± 253 0.14 ± 0.06 Bonamente et al. (2006)
MACS911.2+1746 0.505 1338 ± 140 0.1 ± 0.07 Ebeling et al. (2007)
MACSJ0257.1-23 0.505 1293 ± 260 0.12 ± 0.05 Ebeling et al. (2007)
V1525+0958 0.516 1259 ± 191 0.05 ± 0.01 Mullis et al. (2003)
MS0015.9+1609 0.541 1381 ± 128 0.13 ± 0.02 Stocke et al. (1991)
CL0848.6+4453 0.543 701 ± 394 0.13 ± 0.2 Takey et al. (2011)
MACS1423.8+240 0.543 1041 ± 16 0.13 ± 0.01 Ebeling et al. (2007)
MACSJ1149.5+22 0.544 1187 ± 141 0.19 ± 0.04 Ebeling et al. (2007)
MACSJ0717.5+3745 0.546 1409 ± 59 0.17 ± 0.02 Ebeling et al. (2007)
CL1117+1744 0.548 568 ± 106 0.2 ± 0.09 Wen et al. (2010)
MS0451.6-0305 0.55 1699 ± 229 0.07 ± 0.03 Gioia & Luppino (1994)
MS2053.7-0449 0.583 1239 ± 367 0.04 ± 0.02 Stocke et al. (1991)
MACS-J2129.4-0 0.589 1155 ± 228 0.15 ± 0.07 Ebeling et al. (2007)
MACS-J0647.7+7 0.591 1762 ± 333 0.06 ± 0.02 Ebeling et al. (2007)
CL1120+4318 0.6 894 ± 208 0.16 ± 0.08 Romer et al. (2000)
CLJ0542.8-4100 0.64 801 ± 68 0.13 ± 0.03 De Propris et al. (2007)
LCDCS954 0.67 567 ± 98 0.16 ± 0.07 Gonzalez et al. (2001)
MACS0744.9+392 0.698 994 ± 93 0.17 ± 0.04 Ebeling et al. (2007)
SPT-CL0001-5748 0.7 902 ± 261 0.12 ± 0.08 Vikhlinin et al. (1998)
V1221+4918 0.7 738 ± 127 0.15 ± 0.07 Mantz et al. (2014)
RCS2327.4-0204 0.704 1547 ± 112 0.08 ± 0.01 Gralla et al. (2011)
SPT-CLJ2043-5035 0.72 1348 ± 255 0.07 ± 0.02 Song et al. (2012)
ClJ1113.1-2615 0.73 747 ± 178 0.06 ± 0.04 Perlman et al. (2002)
CLJ2302.8+0844 0.734 1042 ± 207 0.06 ± 0.02 Perlman et al. (2002)
SPT-CL2337-5942 0.775 1590 ± 414 0.04 ± 0.02 Vanderlinde et al. (2010)
RCS2318+0034 0.78 1681 ± 484 0.02 ± 0.01 Hicks et al. (2008)
MS1137.5+6625 0.782 994 ± 203 0.06 ± 0.03 Gioia & Luppino (1994)
RXJ1350.0+6007 0.81 577 ± 71 0.17 ± 0.05 Holden et al. (2002)
RXJ1716.9+6708 0.813 646 ± 89 0.15 ± 0.05 Henry et al. (1997)
EMSS1054.5-0321 0.831 1308 ± 227 0.06 ± 0.02 Gioia et al. (2004)
CLJ1226.9+3332 0.888 1752 ± 409 0.04 ± 0.02 Ebeling et al. (2001)
XMMUJ1230+1339 0.975 792 ± 309 0.08 ± 0.07 Fassbender et al. (2011)
J1415.1+3612 1.03 772 ± 259 0.08 ± 0.05 Ellis & Jones (2004)
SPT-CL0547-5345 1.067 779 ± 188 0.14 ± 0.08 High et al. (2010)
SPT-CLJ2106-584 1.132 963 ± 254 0.13 ± 0.06 Foley et al. (2011)
RDCS1252-29 1.235 533 ± 124 0.13 ± 0.08 Rosati et al. (2004)
Table A.1. This table completes Table 2 in Amodeo et al. (2016),
adding informations on the sizes and gas content of these clus-
ters.
Fig. B.1. Staked entropy profiles for the subsets of CC and NCC
based on Cassano et al. (2010) criteria. We observe that CC pro-
file is almost on top of Voit et al. (2005) prediction.
Fig. B.2. Stacked entropy profiles corrected using the gas frac-
tion for the subsets of CC and NCC. CC entropy profile still lie
very close to the prediction, while NCC have got closer but still
flatter than the prediction.
Fig. B.3. Pressure profiles for the subsets of CC and NCC. These
profiles are very similar to the one in Fig. 9, however the NCC
profiles within 0.1R500 are about a factor of 2 higher than the
high redshift one.
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Appendix C: Plots
Fig. C.1. (Top) Distribution of the parameter K0. The red line
represents the kernel density plot with a smoothing width of 0.1.
The black and blue line represens the best fit obtained using
one and two lognormal distributions respectively. The shaded
grey and blue regions enclose the 68.3 % probability region
around the best fit due to parameter uncertainties. (Middle) and
(Bottom) Distribution of the parameters K100 and α respec-
tively. The blue line with shaded area represents the best fit with
a single lognormal distribution and the 1σ probability regions
around it. The median value of the fit is shown directly on the
graph.
Fig. C.2. Evolution of the central entropy distribution with red-
shift. We can clearly see an evolution with evidence of bimodal-
ity at high redshift. The red lines represents the kernel density
estimation of the distributions. The clusters which are best fitted
by K0 = 0 are added as if they have the value of 1 kev cm2.
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Fig. C.3. Distribution of the rescaled innermost (Top) and out-
ermost (Bottom) radial spatial bin color coded with redshift.
Fig. C.4. Distribution of the bootstraps results. The black solid
line represents the position of the median, while the dashed lines
represent the region comprehending 68% of the distribution. The
1σ region is compatible with ∆BIC=0.
Fig. C.5. Rescaled entropy profiles of clusters in three redshift
bins. Each color represents data from a single cluster.
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